Anthocyanins are important components in the skins of grapes and in the development of wine colour. Various environmental factors cause poor coloration in some areas, even for the same cultivars planted in different production areas. The objective of this study was to evaluate the effect of exogenous brassinosteroids (BR) on the accumulation of anthocyanins and gene expression of anthocyanin biosynthesis in wine grape berry skins. The results show that total anthocyanin content in BR-treated grapes was higher than that in the control (CT) grapes, and that 0.4 mg/L was the most effective treatment concentration. The effect of BR on downstream genes was more effective than that on upstream genes. Full coloration of BR-treated grapes was achieved seven days earlier than in the case of CT. Moreover, BR enhanced the transcript level of the downstream genes of anthocyanin biosynthesis, which caused the total anthocyanin content to increase. The induction of structural and regulatory genes of the flavonoid pathway suggests that the interrelationships between developmental and environmental signalling pathways were magnified by BR treatment, which actively promoted fruit coloration, namely anthocyanin biosynthesis.
INTRODUCTION
Skin colour is one of the most important qualities used as a basis for selection in breeding programmes for wine grapes. As a result of natural hybridisation and human selection over millennia, the skin colour of grapes has become greatly diversified, such as black, red, pink, grey, white, etc. (This et al., 2007) . Berry colour results from the synthesis and accumulation of a group of coloured secondary metabolites called anthocyanins, and is determined by the quantity and composition of anthocyanins. Cultivars with coloured skins accumulate anthocyanins in their skins, whereas whiteskinned cultivars do not (Boss et al., 1996a) .
With regard to the wine industry, colour is crucial for quality in the production of premium red wines. The first sensorial contact with wine is usually made by visual inspection, which starts building up the consumer's perceived quality. This translates wine colour into a value of commercial and economic relevance (Castellarin et al., 2007a) . The presence of anthocyanins in grape berries is important for the fermentative processes involved in wine production (Sparvoli et al., 1994) , and they can interact with some aroma substances and influence wine flavour, though anthocyanins are odourless and nearly flavourless (Dufour & Sauvaitre, 2000) . As is known, the consumption of anthocyanins and other polyphenols has health benefits associated with the scavenging of free radicals and protective effects against cardiovascular diseases and so on (Liu, 2010) . Red grapes and wines are particularly rich in bioavailable anthocyanins, which are rapidly absorbed as intact molecules (Bitsch et al., 2004) and delivered into the brain within minutes of their ingestion (Passamonti et al., 2005) . Therefore coloration is an important factor in determining the quality of wine grapes (Mori et al., 2005) .
Anthocyanins can be modulated by a variety of environmental stimuli, including developmental signals, plant hormones, and environmental stresses such as light, temperature, irrigation and so on (Boss & Davies, 2009 ). All of these things have a dual outcome: on the one hand, various environmental factors cause poor coloration in some areas (Mori et al., 2005) , even for the same cultivars planted in different grape production areas; and on the other hand, these environmental stimuli can be used to improve the grape coloration. There have been many kinds of classical plant hormones applied to grapes to improve coloration, such as ethylene, naphthalene acetic acid, and abscisic acid, and these have also been implicated in the control of ripening of grape berries (Ban et al., 2003; El-kereamy et al., 2003; Jeong et al., 2004; Quiroga et al., 2009) 
. However, very little
Brassinosteroids in the Ripening of Grape Berries is known about how brassinosteroids (BRs) regulate plant growth, especially in grapes.
BRs, considered as the sixth group of hormones in plants, are steroidal hormones, which are essential for normal plant growth and development such as seed germination, rhizogenesis, flowering, senescence and abscission, and they are considered as plant hormones and have pleiotropic effects (Vardhini & Rao, 2002) . Symons et al. (2006) showed that the application of BR to grape berries evidently enhanced skin coloration and the final sugar level of the flesh, and significantly promoted ripening; on the other hand, brassinazole (Brz, an inhibitor of BR biosynthesis) significantly delayed fruit ripening. Peng et al. (2011) found that jasmonate-induced anthocyanin accumulation in Arabidopsis seedlings was reduced by treatment with Brz, whereas it was enhanced by an application of epibrassinolide (epi-BL, the most active BR). So BRs are the latest plant hormones implicated in the control of berry ripening and anthocyanin accumulation. However, reports about BRs influencing the expression of anthocyanin biosynthesis genes in grapes are few. In this experiment we therefore investigated the effect of BRs on anthocyanin accumulation in wine grapes.
The pathway leading to the production of anthocyanins can be divided into two parts, the general phenylpropanoid pathway and the flavonoid pathway ( Fig. 1) (for a review, see Boss et al., 1996c; Bogs et al., 2006) . This pathway has been characterised in different plant species (Winkel, 2006) , especially in Vitis vinifera (Vv), where the expression of genes involved in flavonoid synthesis (particularly anthocyanins and proanthocyanidins) has been well characterised in the berries and seeds of both red and white cultivars (Sparvoli et al., 1994; Boss et al., 1996a Boss et al., , 1996b Bogs et al., 2006; Castellarin et al., 2007a) .
Recently, two classes of genes affecting anthocyanin biosynthesis have been described. One class includes the structural genes of the pathway, which is common to different species, and the second class includes genes that regulate the activity of the biosynthetic genes, conditioning the spatial and temporal accumulation of pigments (Sparvoli et al., 1994) . It has been shown that these regulatory genes belong to two major groups of transcription factors, namely the MYB and bHLH families (Holton & Cornish, 1995; Sainz et al., 1997; Spelt et al., 2000; Ozeki et al., 2003; Ramsay et al., 2003; Robbins et al., 2003; Borovsky et al., 2004; Schwinn et al., 2006) .
In grapes, Myb-related transcription-factor genes (such as VlMYBA1-1, VlMYBA1-2 and VlMYBA2) have been isolated from mature berries, and these Myb-related genes are involved in the regulation of anthocyanin biosynthesis in the grape via the expression of the UFGT gene . In addition, VvMYBA1, a homolog of VlMYBA1-1 that is found in many V. vinifera cultivars, was shown to have the same function in anthocyanin biosynthesis as VlMYBA1-1 (Kobayashi et al., , 2005 . Walker et al. (2007) also found that the berry colour locus comprised two very similar genes, VvMYBA1 and VvMYBA2, and either gene could regulate colour in the grape berry. Boss et al. (1996a Boss et al. ( , 1996c showed that the expression of UFGT was critical for anthocyanin biosynthesis in grapes. These results point out the key role of the VvMYBA1 and VvMYBA2 transcription factors that specifically regulate the expression of UFGT, which encodes an enzyme responsible for the conversion of anthocyanidins to anthocyanins. Therefore, MYBA1 and MYBA2 are essential for the development of coloration in ripening grape berries.
The genes of anthocyanin biosynthesis in grapes have been cloned, and detailed information can be found at NCBI, which enabled us to study the control mechanism of anthocyanin biosynthesis at the mRNA level. In this study, real-time quantitative polymerase chain reaction (Q-PCR) was used to determine the mRNA levels of eight structural genes (CHS, CHI, F3H, F3´H, F3´5´H, DFR, LDOX and UFGT) and two regulatory genes (MYBA1, MYBA2) of anthocyanin biosynthesis precisely, which enabled us to compare the mRNA levels of each examined gene in control (CT) and BR berry skins.
Thus, the objective of this study was to elucidate the effect of exogenous BR on anthocyanin biosynthesis and accumulation in the skins of wine grapes during ripening, and to unravel how BR regulates the anthocyanin biosynthesis by comparing the genes' transcript levels in BR and CT fruit. The results will provide useful information for further research on the mechanism of BR regulation of anthocyanin biosynthesis, as well as the effects of BR treatment on grape and wine qualities.
MATERIALS AND METHODS

Treatment with BR
The experimental vineyard was located in Jingyang county, Xianyang city, in Shaanxi Province in China. Six-year-old own-rooted V. vinifera 'Cabernet Sauvignon' grapevines of similar growth conditions and crop load were used in the study. The vines were spaced 0.8 m within rows and 2.5 m between rows, with the row oriented in a north-south direction. Vines were trained on a vertical shoot positioning system with a pair of wires, and shoots were trimmed manually twice, between bloom and véraison, to a height of about 1.0 m. Four treatments, a CT and three BR solutions (2,4-epibrassinolide, Ruibio, Germany) of 0.1 mg/L (BR1), 0.4 mg/L (BR2) and 0.8 mg/L (BR3), were applied to all clusters of ten vines in a randomised complete block design with three replicates in separate vine rows. The BR solutions were prepared by dissolving 0.1 mg, 0.4 mg and 0.8 mg BR in 10 mL 98% ethanol (Sanpu, Xian of China) and bringing each of the three solutions to 1 L with water. Tween 80 (Bodi, Tianjin of China) was added as a wetting agent at 1 mL/L. The BR solutions were spray-applied at 10 mL per cluster with a hand-held sprayer until run off, pre-véraison (2011-07-02), ensuring that all berry surfaces were covered. A water/ethanol/Tween 80 spray was similarly applied to the clusters on the CT vines. Bunches at similar stages of development and at similar positions on the vine were tagged for treatment. Approximately 100 berries from at least 10 bunches at similar positions were collected at about 12-day intervals from 2 to 26 July. Once the grapes began colouring, sampling was more frequent (once a week). The skin, pulp and seeds were separated by hand immediately, then frozen in liquid nitrogen and stored at -80°C until use.
Determination of sugar and anthocyanin content
Samples for soluble sugar measurements were pressed. The soluble sugar was determined in juice by the standard (GB/T 15038-2006). The corresponding sample of 20 berries was peeled, and the skins were immediately frozen in liquid nitrogen. After being finely powdered, one aliquot of 1.0 g was used for anthocyanin analyses, and one aliquot of 0.3 g was used for RNA extraction. Total anthocyanins were extracted according to the method of Meng et al. (2012) . Each grape extract was diluted with methanol solution and absorbance was measured at 530 nm. The anthocyanin content (expressed in terms of cyanidin-3-glucoside) was calculated according to the method of Tang (2009) .
RNA extraction and quantification of mRNA
Total RNA was extracted from the grape skins following the procedure described in Reid et al. (2006) . The quality of RNA was verified by demonstration of intact ribosomal bands following agarose gel electrophoresis in addition to the absorbance ratios (A260/280) of 1.8 to 2.0. For cDNA synthesis, one microgram of total RNA was reverse transcribed using the kit of TaKaRa (Dalian, China), according to the manufacturer's instructions.
Q-PCR was carried out using the kit of TaKaRa (Dalian, China) in a iQ5™ sequence detector (Bio-Rad, America), and the primers were synthesised by Shanghai Sunny Biotechnology Co., China. Keeping the total reaction volume as 20 μl: 10 μl SYBR ® Premix Ex Taq TM II (2×) (TaKaRa, Dalian of China), 1 μl Forward Primer (10 μM), 1 μl Reverse Primer (10 μM), 1 μl cDNA, 7 μl dH 2 O. The thermal cycling conditions were 95°C for 3 min, followed by 95°C for 5 s and 60°C for 30 s for 45 cycles, followed by a melting cycle from 60°C to 95°C. GAPDH(m) was chosen as the reference gene, since its expression levels remained constant throughout the experiments . All samples were measured in triplicate, and every run included the GAPDH control for each sample. Relative expression was determined by normalising the values to that of GAPDH. The difference between the cycle threshold (Ct) of the target gene and that of GAPDH was used to obtain the normalised expression of the target genes (Bogs et al., 2005) . Primer pairs for Q-PCR were designed based on the coding sequences available in NCBI, and some were retrieved from the literature. Primer pairs for CHS, F3´H, F3´5´H, DFR and LDOX were from Sinilal et al. (2011) ; primers for F3H were from Castellarin et al. (2007a) ; for UFGT were from Goto-Yamamoto et al. (2002) ; and for MYBA1 were from Jeong et al. (2004) . Primers for CHI and MYBA2 were newly designed to amplify 100 to 200 bp gene fragments (Table 1) .
Statistical analysis
Statistical analyses were conducted with the statistical software ANOVA (SPSS 16 for Windows), followed by a Duncan multiple range test to determine significant differences with regard to all parameters. Values were considered statistically significant at P < 0.05.
RESULTS AND DISCUSSION
Accumulation of anthocyanins under BR treatments
In this study, the last time-point before an accumulation of sugar is recorded was taken as the working definition of véraison (Davies & Böttcher, 2009 and according to the record of berry coloration in ripening made by visual inspection, the CT grapes began to colour on 26 July. Fig. 2 and Table 2 show the effects of the BR1, BR2 and BR3 treatments on the accumulation of soluble sugar in berry juices during the ripening stage. The accumulation of sugar started at véraison, and it was enhanced by all BR treatments. The patterns of sugar accumulation were similar in all treatments (except BR1) (Fig. 2) . Before the rapid accumulation of anthocyanins, the sugar content of these treatments was BR1 ＞ BR2 ＞ BR3; after that, the content was BR2 ＞ BR3 ＞ BR1. At harvest, the highest sugar content was 166.71 mg/L (BR2), and the lowest was 159.46 mg/L (CT). Fig. 3 and Table 3 show the effects of the BR1, BR2 and BR3 treatments on the anthocyanin accumulation in the skins of the grapes during the ripening stage. The accumulation of anthocyanins lagged significantly behind that of soluble sugar; it was also enhanced by all BR treatments. The patterns of anthocyanin accumulation were similar in all treatments, and the content of these treatments was BR2 ＞ BR3 ＞ BR1 (Fig. 3) . The highest anthocyanin content was 3.91 mg/g (BR2), and the lowest was 3.37 mg/g (CT).
From véraison to 9 August, the speed of sugar accumulation was fast, except during the period when anthocyanins accumulated most rapidly (2011-07-26 to 2011-08-02). The rapid accumulation of anthocyanins lagged behind that of soluble sugar by about 11 days. From 9 August to harvest, both sugar and anthocyanins increased more slowly. The grapes of CT were fully coloured red-purple on 2009-08-09 (the full coloration period) and fully coloured purple-black at harvest. The time when the anthocyanins of the BR2 and BR3 berries began to improve significantly was before 9 August, whereas that of BR1 was later than that. So the full coloration period advanced by seven days under the BR2 treatment, and by three to four days under the BR3 treatment, as shown in Fig. 3 . Davies and Böttcher (2009) pointed out that some metabolic activities, such as the accumulation of anthocyanins in berry skins, commence at véraison, and the anthocyanin accumulation studied by Castellarin et al. (2007b) also followed the accumulation of soluble solids. In this experiment, the pattern of anthocyanin accumulation was different, lagging behind soluble sugar accumulation (véraison) by about 11 days because of the cloudy and rainy weather during this period. Pigment accumulation was delayed when adequate sunlight was lacking, and then rapidly increased when the sunlight was adequate.
Of all the treatments, the effect of the BR2 (0.4 mg/L) treatment on the anthocyanin content was the most effective. Also, the BR2 treatment not only enhanced the total anthocyanin content, but full coloration was achieved seven days earlier than in the CT. Next, the expression of the genes of anthocyanin biosynthesis in the BR2 and CT grapes was examined by Q-PCR. 
Response of structural and regulatory genes of anthocyanin biosynthesis to BR treatment
The expression of eight structural genes of the flavonoid biosynthesis pathway (CHS, CHI, F3H, F3´H, F3´5´H, DFR, LDOX, UFGT) , which play a role in anthocyanin biosynthesis, and two regulatory genes (MYBA1, MYBA2) that specifically regulate UFGT expression, were investigated throughout ripening by Q-PCR. All of these genes were expressed at some time during berry development (Fig. 4) .
In the CT berries, CHS, CHI, F3´H, DFR and ANS were all expressed. F3H and F3´5´H were expressed at low levels and UFGT, MYBA1 and MYBA2 exhibited no expression before the colour-change period (2011-07-26). On 26 July, an increase in transcript level was observed for all the examined genes (except F3´H), which was coincident with changes in the colour of the grape berries. All the genes were down-regulated after full coloration (Fig. 4) .
The expression of genes for anthocyanin biosynthesis was induced by the BR2 treatment (Fig. 4) . In the BR berries, the expression of all examined genes was triggered before véraison. F3H, F3´H and F3´5´H transcript levels apparently were enhanced by BR treatment and remained higher than in the CT berries at all stages. The expression peaks of F3H, F3´H, F3´5´H, DFR, ANS, UFGT, MYBA1 and MYBA2 advanced by 14 days in the BR berries compared to the CT berries. The rapid increase of CHI expression happened on 26 July in BR, and on 2 August in CT, so it was thought to be rapidly expressed seven days in advance, and the time of high expression in BR was seven days longer than in CT. Meanwhile, the expression peak of CHS also advanced by seven days (Fig. 4) .
The Myb-related transcription-factor genes in grapes have been separated, and those that are involved in the regulation of anthocyanin biosynthesis via regulating the expression of UFGT . Walker et al. (2007) found that either MYBA1 or MYBA2 can regulate colour in grape berries. In this study, similar expression patterns were observed for UFGT, MYBA1 and MYBA2. The three genes were not expressed before the colour changed and were transcribed when colour appeared in the CT berries, and they still had similar patterns (two peaks) under BR treatment (Fig. 4) . Thus, the two regulatory genes had a close relationship with UFGT.
In the biosynthesis process from flavanones to dihydroflavonols, there are branch pathways regulated by F3H, F3´H and F3´5´H (Fig. 1) . The genes coding for the enzymes that regulate the biosynthesis processes before flavanones in the flavonoid pathway are called upstream genes in this paper, and genes after that are called downstream genes. Then, compared with CT, all the expression peaks of the genes advanced in the BR-treated berries; those of the upstream genes by seven days, and those of the downstream genes by 14 days, so the effect of BR on the downstream genes was more pronounced. The period of full coloration was advanced by about seven days, similar to the range of the upstream genes (CHI, CHS) in the BR-treated berries. The expression of upstream genes therefore is very important for anthocyanin biosynthesis. The range of advancement of full coloration may be limited by that of the expression of upstream genes (CHS and CHI) in BR-treated berries. Peng et al. (2011) showed that BR affected jasmonateinduced anthocyanin accumulation by regulating the 'late' anthocyanin biosynthesis genes (DFR, LDOX and UFGT). In our experiment, BR apparently also increased the expression of the downstream anthocyanin biosynthesis genes. Therefore, anthocyanin accumulation can be enhanced by up-regulated expression of the downstream anthocyanin biosynthesis genes.
BR regulates anthocyanin biosynthesis
CONCLUSIONS
This study evaluated the effect of exogenous BR applied to Cabernet Sauvignon clusters on the accumulation of anthocyanins and the gene expression of anthocyanin biosynthesis. The BR2 treatment (0.4 mg/L) significantly increased the content of soluble sugar and total anthocyanins, and resulted in full coloration seven days in advance. BR affected different tissues of the berry: skin cells (anthocyanin accumulation is restricted to) and berry flesh cells (sugar is accumulated in). The effect of BR on the downstream genes was more effective than on the upstream genes. The ranges of advancement of full coloration were limited to the expression of upstream genes (CHI and CHS). Moreover, BR2 enhanced the transcript level of the downstream genes of anthocyanin biosynthesis, which caused an increase in total anthocyanin content. Structural and regulatory genes were induced under the BR treatment, which suggests that BR magnified the interrelationships between the developmental and environmental signalling pathways, which promoted fruit coloration.
The results from this study may help to gain an understanding of the control of fruit coloration and provide information for further research on the regulation mechanism, as well as on grape and wine qualities under the regulation of BRs.
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